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ABSTRACT

Mouse embryonic spinal cord neurons in culture exhibit sponta-
neous calcium oscillations from day in vitro (DIV) 6 through DIV 10.
Such spontaneous activity in developing spinal cord contributes
to maturation of synapses and development of pattern-generating
circuits. Here we demonstrate that these calcium oscillations are
regulated by k opioid receptors (KORs). The « opioid agonist
dynorphin (Dyn)-A (1-13) suppressed calcium oscillations in a
concentration-dependent manner, and both the nonselective
opioid antagonist naloxone and the k-selective blocker norbinal-
torphimine eliminated this effect. The KOR-selective agonist (+)-
(5,7 «,8B)-N-methyl-N-[7-(1-pyrrolidinyl)-1-oxaspiro[4.5]dec-8-
yll-benzeneacetamide (U69593) mimicked the effect of Dyn-A (1-13)
on calcium oscillations. A k-specific peptide antagonist, zyk-
lophin, was also able to prevent the suppression of calcium os-
cillations caused by Dyn-A (1-13). These spontaneous calcium

oscillations were blocked by 1 uM tetrodotoxin, indicating that
they are action potential-dependent. Although the L-type voltage-
gated calcium channel blocker nifedipine did not suppress cal-
cium oscillations, the N-type calcium channel blocker w-conotoxin
inhibited this spontaneous response. Blockers of ionotropic glu-
tamate receptors, 2,3-dihydroxy-6-nitro-7-sulfamoylbenzo(f)qui-
noxaline and dizocilpine maleate (MK-801), also suppressed cal-
cium oscillations, revealing a dependence on glutamate-mediated
signaling. Finally, we have demonstrated expression of KORs in
glutamatergic spinal neurons and localization in a presynaptic
compartment, consistent with previous reports of KOR-mediated
inhibition of glutamate release. The KOR-mediated inhibition of
spontaneous calcium oscillations may therefore be a conse-
quence of presynaptic inhibition of glutamate release.

Introduction

Periodic spontaneous network activity is a characteristic
feature of the developing nervous system (Blankenship and
Feller, 2010). In the traditional model of brain development,
it has been proposed that this form of spontaneous neural
activity facilitates the refinement of wiring of the nervous
system laid out by predetermined genetic programs. Sponta-
neous events have been observed in a wide range of develop-
ing brain structures in vivo, including the cerebral cortex,
spinal cord, and retina (Feller, 1999; O’Donovan, 1999).
Spontaneous activity in the developing spinal cord contrib-
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utes to motor neuron path-finding, maturation of synapses,
and development of pattern-generating circuits (Blankenship
and Feller, 2010). Spontaneous calcium transients have been
implicated in regulating plasticity in developing neurons
(Spitzer et al., 1995). Although there are basic similarities in
the mechanisms responsible for spontaneous network activ-
ity in different brain regions, the signaling processes under-
lying these phenomena may vary with brain structure and
developmental stage. Studies in isolated mouse spinal cord-
limb preparations suggest that the depolarizing actions of
GABA and acetylcholine are responsible for spontaneous net-
work activity at early stages of development, whereas at later
stages, they become more dependent on glutamatergic neu-
rotransmission (Hanson and Landmesser, 2003).

Opioid receptor activation in the central nervous system
(CNS) has been shown to result in inhibition of neuronal
firing and reduction of neurotransmitter release. k Opioid

ABBREVIATIONS: CNS, central nervous system; KOR, « opioid receptors; DIV, day(s) in vitro; nor-BNI, norbinaltorphimine; DAMGO, [p-Ala?,N-
Me-Phe*,Gly®-ol]-enkephalin; DPDPE, [p-Pen?,0-Pen®]-enkephalin; NMDA, N-methyl p-aspartate; AM, acetoxymethyl ester; PSD, postsynaptic
density; NBQX, 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo[flquinoxaline-2,3-dione; MK-801, (5R,10S)-(+)-5-methyl-10,11-dihydro-5H-dibenzo-

[a,d] cyclohepten-5,10-imine hydrogen (dizocilpine)

maleate; Dyn, dynorphin;

U69593, (+)-(5«a,7a,8B)-N-methyl-N-[7-(1-pyrrolidinyl)-1-

oxaspiro[4.5]dec-8-yl]-benzeneacetamide; TBST, Tris-buffered saline-Tween 20; PBS, phosphate-buffered saline; Cy-3, cyanine 3; TTX, tetrodo-

toxin; Cl, confidence interval.
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receptors (KORs) are widely expressed in the CNS and are
specifically activated by endogenous opioids derived from
prodynorphin (Chavkin et al., 1982). KORs and dynorphin
mRNA initially appear during early embryonic development
in both mouse and human CNS (Brana et al., 1995; Zhu et al.,
1998). Dynorphin has been shown to inhibit excitatory trans-
mission in the CNS either when exogenously applied (Cas-
tillo et al., 1996; Simmons and Chavkin, 1996; Iremonger and
Bains, 2009) or endogenously released (Wagner et al., 1993;
Iremonger and Bains, 2009). Although the molecular mech-
anism for dynorphin inhibition of excitatory transmission
remains to be fully understood, an increasing body of evi-
dence suggests that G-protein-coupled receptor stimulated
release of G+ subunits directly inhibits the synaptic release
machinery (Delaney et al., 2007; Iremonger and Bains, 2009).

Despite numerous reports of dynorphin-mediated depres-
sion of synaptic transmission, little is known regarding its
role and relevance in CNS development. We found that cal-
cium oscillations driven by excitatory neurotransmission ap-
pear at DIV 6 to 8 in spinal cord neurons. We also observed
that these spontaneous calcium oscillations in spinal neurons
were suppressed through a KOR-dependent mechanism. We
further demonstrated that spontaneous calcium oscillations
are dependent on glutamatergic neurotransmission and that
the majority of the KORs are localized to glutamatergic spi-
nal cord neurons. Although p and & opioid receptor-mediated
regulation of calcium dynamics has been described, this
study represents the first report of KOR regulation of spon-
taneous calcium oscillations.

Materials and Methods

Materials. Trypsin, penicillin, streptomycin, horse serum, and
soybean trypsin inhibitor were obtained from Atlanta Biologicals
(Norcross, GA). Leibovitz medium, neurobasal medium, B27, and
anti-synaptophysin were purchased from Invitrogen (Carlsbad, CA).
DNase, poly-L-lysine, nor-BNI, DAMGO, DPDPE, naloxone, cytosine
arabinoside, and Fluoromount aqueous mounting medium were pur-

chased from Sigma (St. Louis, MO). Pluronic acid F127 and fluo-3
AM were purchased from Invitrogen. VGLUT2 antibody and Cy3-
conjugated secondary antibody were purchased from Millipore Bio-
science Research Reagents (Temecula, CA). PSD-95 antibody was
obtained from Thermo Fisher Scientific (Waltham, MA). The anti-
body to KOR1 was purchased from Santa Cruz Biotechnology, Inc
(Santa Cruz, CA). w-Conotoxin, tetrodotoxin, and nifedipine were
purchased from Tocris Bioscience (Ellisville, MO). NBQX, dizocilpine
maleate (MK-801), and D-(2R)-Amino-5-phosphonovaleric acid were
purchased from Ascent Scientific (Princeton, NJ). Dyn-A (1-13) was
purchased from American Peptide (Sunnyvale, CA). Dyn-A (1-17),
Dyn-A (2-17), and zyklophin were synthesized as described previ-
ously (Patkar et al., 2005). (+)-(5a,7,88)-N-methyl-N-[7-(1-pyrrolidi-
nyl)-1-oxaspiro[4.5]dec-8-yl]-benzeneacetamide (U69593) was purchased
from Sigma-Aldrich (St. Louis, MO).

Neuronal Culture. Primary cultures of embryonic spinal cord
neurons were harvested from embryos of Swiss-Webster mice on
embryonic day 14. In brief, pregnant mice were euthanized with
CO,, and vertebral columns were extracted from mouse embryos and
dissected using sterile fine-tipped forceps to isolate spinal cords.
Embryonic cords (10-12) were collected, meninges and dorsal root
ganglia were removed from each cord, and cords were minced to
1-mm? slices. Tissue was again macerated using a fire-polished
plugged pipette and digested with 0.025% trypsin for 25 min at 37°C.
The cells were then dissociated by two successive trituration and
sedimentation steps in soybean trypsin inhibitor and DNase contain-
ing isolation buffer, centrifuged, and resuspended in neurobasal
medium with 2% B-27, 1% penicillin-streptomycin, and 0.5% L-glu-
tamine, pH 7.4. The cells were strained using a 70-um cell strainer
(Falcon; BD Biosciences Discovery Labware, Bedford, MA) to remove
any undigested coarse particles. Cells were then counted using a
hemocytometer counting chamber and plated onto poly-L-lysine—
coated 96-well (9-mm) clear-bottomed black culture plates at a den-
sity of 0.8 X 10° cells/ml in Leibovitz (L-15) medium supplemented
with glucose, 2% B-27, 2% horse serum, 0.5% L-glutamine, 1% pen-
icillin-streptomycin, and 7.5% sodium bicarbonate. Culture plates
were incubated at 37°C in a 5% CO, and 95% humidity atmosphere.
Cytosine arabinoside (10 uM) was added to the culture medium on
day 2 after plating to prevent proliferation of non-neuronal cells. The
culture medium was changed twice weekly and replaced with serum-

Fig. 1. Ontogeny of spinal neuron cal-
cium oscillations. A, spontaneous calcium
oscillations emerged on DIV 4 and be-
came robust by DIV 6. Traces shown are
from a representative experiment re-
peated six times. B, summary histogram
representing the ontogeny of spinal neu-
ron calcium oscillations. C, ontogeny of
spinal neuron calcium oscillations paral-
leled the ontogeny of PSD-95 expression.
Data shown are from a representative ex-
periment repeated three times. D, confo-
cal images show immunolabeling for
PSD-95 (red), synaptophysin (green), and
the regions of colocalization of PSD-95
and synaptophysin as puncta (yellow) to
indicate synapses (scale bar, 10 um) in
DIV-8 spinal neurons.
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free neurobasal medium. Cultures from DIV 6 to 8 were used for
calcium oscillation experiments. For Western blotting, cells were
grown in a 12-well plate at 1.2 X 10° cells/ml, and cell lysates were
collected from cultures from DIV 1 to 9. For immunocytochemistry
experiments, cells were grown on poly-L-lysine—coated square cover-
slips (22 mm?) inserted in to 6-well plates at 10 cells/ml. All animal
use protocols were approved by the Institutional Animal Care and
Use Committee of Creighton University.

Intracellular Ca%2* Monitoring. Embryonic spinal cord neurons
grown in 96-well plates (1.2 X 10° cells per well) were used for
intracellular Ca%* concentration ([Ca®*];) measurements. The growth me-
dium was removed and replaced with dye-loading medium (100
wl/well) containing 4 uM fluo-3 AM and 0.04% Pluronic acid F127 in
Locke’s buffer (154 mM NacCl, 5.6 mM KCIl, 1.0 mM MgCl,, 2.3 mM
CaCl,, 8.6 mM HEPES, 5.6 mM glucose, and 0.1 mM glycine, pH 7.4).
After 1 h of incubation in dye-loading medium, the neurons were
washed four times in fresh Locke’s buffer (200 pl/well, 22°C) using an
automated microplate washer (BioTek Instruments, Winooski, VT)
and then transferred to a FLEXStation II (Molecular Devices,
Sunnyvale, CA) benchtop scanning fluorometer chamber. The final
volume of Locke’s buffer in each well was 150 ul. Fluorescence
measurements were carried out at 37°C. The neurons were excited at
488 nm and Ca®*-bound fluo-3 emission was recorded at 538 nm at
1.2-s intervals. After recording basal calcium oscillations (300-500
s), a 4X concentration of test compounds was added to the cells at a
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rate of 26 ul/s, yielding a final volume of 200 pl/well; the fluorescence
was monitored for an additional period of 300-500 s.
Immunoblotting. Immunoblot analysis was performed in cells
plated in 12-well plates (1.2 X 10° cells per well) and grown for 1 to
9 days after plating (DIV 1-9). After washing with ice-cold Locke’s
buffer, cells were harvested in ice-cold lysis buffer containing 50 mM
Tris, 150 mM NaCl, 2 mM EDTA, 2 mM EGTA, 1% Tergitol-type
NP-40, 0.1% SDS, 2 mM sodium pyrophosphate, 1 mM sodium or-
thovanadate, and 25 mM B-glycerophosphate. Phenylmethylsulfonyl
fluoride (1 mM) and 1X protease inhibitor cocktail were then added,
and the lysate was incubated for 15 min at 4°C. Cell lysates were
then sonicated and centrifuged at 12,000g for 15 min at 4°C. The
supernatant was assayed by the Bradford method to determine pro-
tein content. Equal amounts of protein were mixed with the Laemmli
sample buffer and boiled for 5 min. The samples were loaded onto a
12% SDS-polyacrylamide gel electrophoresis gel and transferred to a
nitrocellulose membrane by electroblotting. The membranes were
blocked in TBST (20 mM Tris, 150 mM NacCl, and 0.1% Tween 20)
with 5% bovine serum albumin for 1 h at room temperature. After
blocking, membranes were incubated overnight at 4°C in primary
antibody diluted in TBST containing 5% bovine serum albumin. The
blots were washed and incubated with the secondary antibody con-
jugated with horseradish peroxidase for 2 h, washed three times in
TBST, and exposed with ECL Plus (GE Healthcare, Chalfont St.
Giles, Buckinghamshire, UK) for 4 min. Blots were exposed to Hy-
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Fig. 2. Dynorphin A (1-13) suppresses spinal neuron calcium oscillations. A, Dyn-A (1-13) suppressed spontaneous calcium oscillations in a
concentration-dependent manner. Arrow indicates the time of addition of drug. B, nonlinear regression analysis of the concentration-response data for

Dyn-A (1-13) suppression of calcium oscillations yielded an IC;, of 28 nM (95% CI, 7-160 nM). Each point represents the mean = S.E.M. (n = 8) of

oscillations after addition of Dyn-A (1-13). Experiment was repeated eight times in independent cultures.
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perfilm (GE Healthcare) and developed. Immunoblot densitometry
data were obtained using MCID Basic 7.0 Software (Imaging Re-
search, Inc. Cambridge, UK).

Subcellular Fractionation. Subcellular fractionation was per-
formed as described previously with minor modifications (Toda et al.,
2006). Lysates were prepared from DIV 8 spinal neuronal culture in
ice-cold buffer containing 0.32 M sucrose, 10 mM HEPES, and 1 mM
EDTA, pH 7.4. Homogenates were cleared three times at 1000g for 10
min to remove nuclear fraction. The resulting supernatants were con-
centrated twice at 10,000g for 20 min to obtain crude synaptosome
fraction, and subsequently were lysed hypo-osmotically in 1% Triton
X-100-containing buffer with gentle rotation for 1 h at 4°C. This lysate
was centrifuged at 16,000g for 30 min to obtain the PSD-95 enriched
fraction (LP1). The resulting supernatant was then centrifuged at
200,000g for 90 min to obtain the crude synaptic vesicle-enriched frac-
tion (LP2). The enrichment of LP1 and LP2 fractions were verified by
immunoblotting, respectively, for PSD-95 and synaptophysin.

Immunocytochemistry (Double Immunofluorescence). We
performed a double immunofluorescence technique using antibodies
to PSD-95 and synaptophysin to document the role of synapse for-
mation in the development of spontaneous calcium oscillations. We
also performed double immunofluorescence with antibodies to the
vesicular glutamate transporter-2 (VGlut2) and KOR to demonstrate
the localization of KOR in glutamatergic neurons. Cells (DIV 7)
grown on 22-mm? coverslips inserted in six-well plates were used.
The cells were washed with phosphate-buffered saline (PBS) (37°C,
pH 7.4) and fixed with 4% paraformaldehyde in PBS for 20 min at
room temperature. After fixing, cells were washed, blocked, and
permeabilized by incubation for 30 min with PBS containing 6% goat
serum and 0.15% Triton X-100. Permeabilized cells were blocked in
3% serum and incubated with primary antibodies (anti-synaptophy-
sin and anti-PSD-95 or anti-VGlut2 and anti-KOR) in 0.15% Triton
X-100 overnight at 4°C. The cells were washed, blocked, and incu-
bated with Cy-3 and fluorescein isothiocyanate-conjugated second-
ary antibodies in 0.15% Triton X-100 for 2 h at room temperature in
the dark. Cells were washed in PBS twice, and coverslips were
mounted on glass slides using Fluoromount. Confocal images were
captured using a spinning-disk confocal microscope (IX 71; Olympus,
Tokyo, Japan) and a digital camera (ORCA-ER; Hamamatsu Corpo-
ration, Bridgewater, NJ).

Results

Ontogeny of Spinal Neuron Calcium Oscillations.
Fluo-3 AM-loaded spinal neuron cultures were scanned in
a FLEX Station II from DIV-1 onward to study the ontog-
eny of spontaneous calcium oscillations. Spontaneous cal-
cium oscillations were not detectable in spinal neurons up
to DIV-3. Spinal cord cultures exhibited spontaneous cal-
cium oscillations as early as DIV-4, and these calcium
transients became more frequent and robust by DIV-6
(Fig. 1, A and B). The calcium oscillations persisted
through DIV-11. As previously demonstrated for cerebral
cortical neurons (Dravid and Murray, 2004), the Ca®* os-
cillations were highly synchronized in populations of neu-
rons in culture, and their mean frequency was 1.88 =+
0.01/min. The amplitude of the oscillations was somewhat
variable among different cultures with basal amplitudes
ranging between 3000 and 8000 fluorescence units. The
synchronized nature of Ca®* oscillations suggested that
network activity played a key role in the generation of the
transients. To examine the relationship between sponta-
neous calcium oscillations and synapse formation, we in-
vestigated the ontogeny of PSD-95 expression in spinal
neuron cultures. We also examined the formation of syn-
apses in spinal neurons using synaptophysin as a presyn-

aptic marker and PSD-95 as a postsynaptic marker.
PSD-95 is a multidomain postsynaptic density protein that
clusters glutamate receptors and associated signaling com-
plexes; hence, PSD-95 content is a primary determinant of
the size and strength of synapses. Western blotting exper-
iments with cell lysates collected from DIV 1 to 9 spinal
cord neurons showed that the ontogeny for PSD-95 expres-
sion paralleled that of spontaneous calcium oscillations
(Fig. 1C). PSD-95 was not detectable on DIV 1 or 2; it
appeared on DIV 3, and its expression continued to in-
crease from DIV 4 to 9 (Fig. 1C). In addition to the expres-
sion of PSD-95, using a double immunofluorescence tech-
nique, we documented the development of synapse
formation in spinal neuron cultures. Synapses were de-
tected as yellow puncta indicating the colocalization of
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Fig. 3. Dyn-A (1-13) induced suppression of calcium oscillations is opioid
receptor-mediated. A and B, 1 uM Dyn-A (1-17) produced a suppression
of calcium oscillations, whereas 1 uM Dyn-A (2—-17) did not affect calcium
oscillations. C, summary histogram of data represent the mean = S.E.M.
(n = 4) of calcium oscillations (for 300 s) before and after compound
addition. *, p < 0.01, paired ¢ test between the average number of
oscillations before and after the addition of Dyn-A (1-17) 1 uM and Dyn-A
(2-17) 1 uM.
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PSD-95 and synaptophysin in DIV 8 spinal neurons (Fig.
1D). These data are consistent with the hypothesis that
spontaneous calcium oscillations require the development
of neuronal connectivity and formation of functional syn-
apses. Given that the spontaneous calcium oscillations
became robust by DIV 6, DIV 6 through DIV 8 spinal
cultures were employed for further studies.

DynA (1-13)-Induced Suppression of Spontaneous
Calcium Oscillations in Spinal Neurons Is Opioid Re-
ceptor-Mediated. Dyn-A (1-13) is a fragment of the full-
length endogenous peptide Dyn-A (1-17) that acts as a k-se-
lective ligand. Spinal cord neurons were treated with either
Locke’s buffer (control) or varying concentrations (1 nM—-100
pM) of Dyn-A (1-13) to examine its effects on spontaneous
calcium oscillations. Dyn-A (1-13) produced a concentration-
dependent suppression of spontaneous calcium oscillations in
spinal neurons (Fig. 2A). Nonlinear regression analysis of
Dyn-A (1-13) concentration-response data yielded an IC, of
28 nM (7-160 nM, 95% CI) (Fig. 2B). To further evaluate the
pharmacologic signature of the receptor mediating dynor-
phin-induced suppression of calcium oscillations, we com-
pared the effects Dyn-A (1-17) and Dyn-A (2-17) on calcium
oscillations (Fig. 3). Inasmuch as the first amino acid (ty-
rosine) is essential for imparting opioid receptor activity
(Chavkin and Goldstein, 1981), the truncated dynorphin an-
alog Dyn-A (2-17) is inactive at opioid receptors. A 1 uM
concentration of Dyn-A (1-17) produced an almost complete
suppression of calcium oscillations, whereas 1 uM Dyn-A
(2—17) was without effect (Fig. 3). These data are therefore
consistent with an opioid receptor mediation of the Dyn-A
(1-13)-induced suppression of calcium oscillations in spinal
neurons.

To further establish the identity of the opioid receptor

>
(@)

Dyn (1-13)- 300 nM
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involved in the effect of Dyn-A (1-13) on spontaneous calcium
oscillations, we tested the nonselective opioid antagonist nal-
oxone (10 uM) against Dyn-A (1-13) (300 nM) challenge
(Fig. 4). Naloxone by itself had no effect on spontaneous
calcium oscillations (Fig. 4B); however, this pretreatment
completely abolished the ability of Dyn-A (1-13) to suppress
calcium oscillations (Fig. 4C). The calcium oscillation fre-
quency in the neurons pretreated with naloxone alone did not
differ significantly from the control level (Fig. 4D). The nal-
oxone antagonism of Dyn-A (1-13)-mediated suppression of
calcium oscillations provided additional evidence for opioid
receptor involvement in this effect.

Dyn-A (1-13)-Induced Suppression of Spinal Neuron
Calcium Oscillations Is Mediated by k-Opioid Recep-
tors. Next, we assessed the opioid receptor subtype involved
in Dyn-A (1-13)-induced suppression of spinal neuron cal-
cium oscillations. Inasmuch as Dyn-A (1-13) displays sub-
stantial affinity for w and & opioid receptors (Arttamangkul
et al., 1995), we tested selective ligands for u (DAMGO), &
(DPDPE), and « (U69593) receptors (Fig. 5, B-D). At a con-
centration of 10 uM DAMGO and DPDPE were without effect
(Fig. 5, B and C). In contrast, U69593 (300 nM) was able to
completely suppress spinal neuron calcium oscillations (Fig.
5D). An evaluation of the concentration dependence of
U69593 suppression of calcium transients revealed an IC;,
value of 38 nM (10-135 nM; 95% CI) (Fig. 5F). These findings
ruled out the possibility that the observed suppression of
calcium oscillations produced by Dyn-A (1-13) involved ei-
ther w or & opioid receptors. To confirm the k opioid receptor
involvement in the actions of Dyn-A (1-13), we used nor-BNI,
a specific small-molecule antagonist of k opioid receptor
(Fig. 6, A, C, and D). Initially, nor-BNI was tested at a 3 uM
concentration for its ability to block the suppression of cal-
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cium oscillations induced by 300 nM Dyn-A (1-13). Pretreat-
ment with nor-BNI alone did not influence spinal neuron
calcium oscillations; however, this concentration of nor-BNI
abrogated the inhibitory response to Dyn-A (1-13). Next, we
generated a Schild plot derived from Dyn-A (1-13) concen-
tration-response experiments performed in the absence and
presence of a series of nor-BNI concentrations. The resultant
Schild regression depicted in Fig. 6D revealed a nor-BNI pA,
value of 10.3 = 0.12, which is in close agreement with that of
a previous study (Birch et al., 1987).

In addition to the small-molecule antagonist nor-BNI, we also
tested a selective peptide antagonist of k opioid receptors, zyk-
lophin (Aldrich and McLaughlin, 2009), which is [N-benzyl-
Tyr!, cyclo(D-Asp®,Dap®)] Dyn A-(1-11) amide (Fig. 6B). A 3 uM
concentration of zyklophin completely eliminated the ability of
Dyn-A (1-13) (100 nM) to suppress calcium oscillations. To-
gether, these observations underscore the involvement of k opi-
oid receptors in the regulation of spontaneous calcium oscilla-
tions in spinal neurons.

Spontaneous Spinal Neuron Calcium Oscillations
Are Dependent on Propagation of Action Potentials
and N-Type Calcium Channels. To determine whether
spontaneous spinal neuron calcium oscillations were action

w

potential dependent, we used tetrodotoxin (TTX; 1 uM), a
voltage-gated sodium channel blocker. In agreement with an
earlier report using cerebrocortical neurons (Dravid and
Murray, 2004), TTX caused a complete elimination of the
spontaneous calcium oscillations, indicating that they are
dependent on action potentials generated by activation of
voltage-gated sodium channels (Fig. 7A). Action potential
triggered neurotransmitter release involves both synchro-
nous (phasic) and asynchronous components at select nerve
terminals. Asynchronous release can complement phasic re-
lease and may contribute to postsynaptic responses under
certain conditions (Hefft and Jonas, 2005; Iremonger and
Bains, 2007). Asynchronous release from presynaptic nerve
endings relies heavily on Ca®* influx through N-type Ca®*
channels. The N-type Ca®* channel antagonist w-conotoxin
at 300 nM inhibited spontaneous calcium oscillations (Fig.
7B), whereas neither the L-type voltage-gated calcium chan-
nel blocker nifedipine (1 uM; Fig. 7G) nor the P/Q-type cal-
cium channel blocker w-agatoxin (100 nM; data not shown)
affected spontaneous calcium transients. The suppression of
calcium oscillations by w-conotoxin was concentration-depen-
dent with an IC;, of 120 nM (7 nM-2 uM, 95% CI) (data not
shown). These data indicate that spontaneous calcium os-
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cillations in spinal neurons are dependent on action poten-
tial propagation and Ca®" influx through N-type calcium
channels.

Spontaneous Spinal Neuron Calcium Oscillations
Are Dependent on Glutamatergic Neurotransmission.
As the principal excitatory neurotransmitter in the central
nervous system, we next sought to determine whether
spontaneous calcium oscillations were driven by glutama-
tergic neurotransmission in spinal neurons. To assess the
role of glutamate receptors, we used the noncompetitive
antagonist of NMDA receptors, MK-801 (3 uM), and the
a-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid re-
ceptor antagonist, NBQX (1 uM; Fig. 7, C and D). Sponta-
neous calcium oscillations were completely abolished by
addition of either of these glutamate receptor antagonists.
A similar elimination of calcium transients was produced
by the competitive NMDA receptor antagonist APV (100
uM) (data not shown). The complete suppression of cal-
cium oscillations by the glutamate receptor antagonists is
consistent with glutamatergic neurotransmission serving
as the primary driver for the spontaneous activity. Bicuc-
ulline (GABA, antagonist) and strychnine (glycine recep-
tor antagonist) increased the amplitude and frequency of
calcium oscillations, respectively (Fig. 7, E and F). The
effect of bicuculline and strychnine on spontaneous cal-
cium oscillations suggests that in DIV 8 spinal neurons,
the chloride gradient is similar to that of mature neurons,
allowing GABA and glycine to exert an inhibitory tone.
These data indicate that in DIV 8 spinal neurons, sponta-
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neous calcium oscillations are a manifestation of excit-
atory neurotransmission driven primarily by glutamate.

Colocalization of KOR and Vesicular Glutamate
Transporter-2 in Spinal Cord Neurons. In the spinal
cord, glutamate is the transmitter in all primary afferents
and in most intraspinal neurons that project to the brain
(Broman, 1994). There are also glutamatergic interneu-
rons in the spinal cord and antibodies against the vesicular
glutamate transporters, VGlutl and VGlut2, have been
demonstrated to label these glutamatergic neurons (Todd
et al., 2003). We used an antibody to VGlut2 to quantify
the fraction of glutamatergic neurons in DIV 8 embryonic
spinal cord cultures. Approximately 60% of the total neu-
ronal population was labeled with the VGlut2 antibody
indicating the relative abundance of glutamatergic neu-
rons in this culture system (Fig. 8A). More than 90% of the
spinal cord neurons were labeled with anti-KOR and a
substantial proportion of the KOR immunolabeled neurons
were colocalized with VGlut2 suggesting the prevalent
expression of KORs in glutamatergic neurons. This local-
ization of KOR in embryonic spinal glutamatergic neurons
is consistent with a presynaptic modulation of glutamate
release.

Subcellular Fractionation Demonstrates the Presyn-
aptic Localization of KORs. The degree of enrichment of
LP1 and LP2 fractions separated by subcellular fraction-
ation was confirmed by immunoblotting with anti-PSD-95
and antisynaptophysin antibodies, respectively. PSD-95
was enriched in LP1 fraction characteristic of the postsyn-
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aptic component and synaptophysin relative abundance
was elevated in the LP2 fraction characteristic of the pre-
synaptic fraction. Densitometric analysis of immunoblots
from subcellular fractionation showed the relative abun-
dance of KORs in crude synaptic vesicle fraction (LP2) as
opposed to the PSD-95 enriched fraction (LP1) (Fig. 8B).

An additional functional consequence of exposure of spi-
nal neurons to the KOR ligand U69593 was the suppres-
sion of neurite outgrowth (Supplemental Fig. 1). Given the
known trophic actions of endogenous glutamate (Mattson,
2008), we suspect that the suppression of neurite extension
involves k opioid receptor inhibition of glutamatergic
transmission. These preliminary data warrant further in-
vestigation to explore the role of k opioids in neurite out-
growth and development.

Discussion

We have demonstrated that mouse embryonic spinal cord
neurons in culture exhibit spontaneous calcium oscillations.
These spontaneous calcium oscillations are driven primarily
by glutamatergic neurotransmission. An interesting feature
of our results is that  opioid receptors exert an inhibitory
influence on spontaneous calcium oscillations in spinal cord
neurons. We found that these spontaneous calcium oscilla-
tions were inhibited by exogenously applied k agonists
[Dyn-A (1-13) and U69593]. Opioid regulation of spontane-
ous calcium oscillations has been previously reported but
with discordant results. Spontaneous calcium oscillations ex-
hibited by organotypic cultures of embryonic rat hippocampi
were shown to be enhanced by the application of the w opioid
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agonist DAMGO (Przewlocki et al., 1999), whereas DAMGO
was shown to inhibit this phenomenon in GH; cells express-
ing only u opioid receptors (GH;MOR) (Charles et al., 2003).
However, in GH;MORDOR cells (expressing pu and 8 opioid
receptors in a 1:11 ratio), DAMGO’s response changed from
inhibitory to excitatory, and this was attributed to the differ-
ential coupling of u opioid receptors from G; to G, as a result
of preferential & opioid receptor occupancy of G; proteins
(Charles et al., 2003). In a previous report, the d-selective
ligand DPDPE was shown to inhibit spontaneous calcium
transients in cells expressing u and 6 opioid receptors (Piros
et al., 2000). Here, we provide compelling evidence to dem-
onstrate that the opioid receptor subtype involved in sup-
pression of spontaneous calcium oscillations in spinal neu-
rons is the k receptor. Spinal neuron spontaneous calcium
oscillations were not affected by DAMGO or DPDPE. The
inhibitory effect of k agonists on calcium oscillations, more-
over, was completely blocked by the selective k receptor an-
tagonists nor-BNI and zyklophin.

Both KOR and p opioid receptor have been reported to be
present from early fetal life in the rat and human brain and
spinal cord (Xia and Haddad, 1991). Our results indicate that
KORs become functional during embryonic development of
spinal cord. This is in agreement with a report that KOR
expression in spinal cord appears in the ventral cord at
embryonic day 15.5 and extends to the dorsal cord by embry-
onic day 17.5 (Zhu et al., 1998). Given the evidence support-
ing the role of endogenous opioids in early development of the
CNS, opioid receptors may be required for maturation of
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synapses and fine tuning of spinal circuitry (Hauser et al.,
1987). Although no tonic k receptor-mediated inhibition of
calcium oscillations was observed at this developmental
stage in vitro, the possibility of endogenous dynorphins reg-
ulating oscillations in vivo cannot be ruled out. Several lines
of evidence indicate that spontaneous calcium oscillations
exhibited by DIV 6 to 8 embryonic spinal cord neurons were
generated by network synaptic activity and are dependent on
excitatory neurotransmission. TTX inhibited spontaneous
calcium oscillations, suggesting their dependence on action
potentials. Calcium oscillations were also blocked by the
NMDA receptor antagonist MK-801 and the a-amino-3-hy-
droxy-5-methyl-4- isoxazole-propionic acid receptor antago-
nist NBQX, suggesting a dependence on glutamatergic neu-
rotransmission. These findings are consistent with previous
reports in cultured cerebrocortical neurons (Murphy et al.,
1992; Dravid and Murray, 2004), organotypic hippocampal
slices (Przewlocki et al., 1999), and organotypic spinal cord
slices (Sibilla et al., 2009). The observation that w-conotoxin
inhibited spontaneous calcium oscillations suggests that this
phenomenon was also dependent on calcium influx through
N-type calcium channels. Synapses between primary sensory
afferents and intrinsic dorsal horn neurons are primarily
glutamatergic (Jessell et al., 1986), and N-type calcium chan-
nels contribute to glutamate release at these synapses. These
findings reinforce the dependence of spontaneous calcium
oscillations on glutamatergic transmission. By blocking N-
type calcium channels, w-conotoxin may inhibit glutamate
release and suppress spontaneous calcium oscillations. In

Fig. 8. KORs are primarily localized
presynaptically in embryonic spinal
neurons. A, a large proportion of KORs
are colocalized with VGlut2 in spinal
neurons, demonstrating the localiza-
tion of KORs in glutamatergic neurons.
a, confocal images show phase, VGlut2
(red), and KOR (green) immunolabeling
separately with regions of colocaliza-
tion that appear as yellow puncta (scale
bar, 10 um). b, boxed region shown in
higher magnification (scale bar, 5 um)
separately and overlaid. B, subcellular
fractionation of embryonic spinal neu-
rons in culture shows the relative abun-
dance of KORs in the crude synaptic
vesicle fraction (LP2 fraction). Data are
from a representative experiment
performed.
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contrast, L-type voltage-gated calcium channels did not seem
to play a role in the generation of spontaneous calcium oscil-
lations. This finding is consistent with other studies moni-
toring spontaneous calcium oscillations in the presence of
physiological concentrations of Mg®" (Dravid and Murray,
2004). Previous reports examining calcium oscillations in
organotypic spinal cord slices have also demonstrated that
neither L- nor T-type channels were responsible for calcium
oscillations (Sibilla et al., 2009). Our results are consistent
with these earlier findings and point to N-type calcium chan-
nel involvement in the generation of spontaneous calcium
oscillation activity triggered by the release of glutamate.

Opioids are known to depress synaptic neurotransmission
either by inhibition of presynaptic calcium channels (Mac-
donald and Werz, 1986) or by activation of postsynaptic po-
tassium channels (North et al., 1987; Wimpey and Chavkin,
1991), thereby hyperpolarizing neurons. A recent report,
however, ruled out the involvement of either calcium or po-
tassium channels in k receptor-mediated inhibition of dopa-
mine release (Ford et al., 2007). Another study has moreover
proposed that, once activated, k opioid receptors directly
modulate presynaptic release machinery to reduce vesicular
glutamate release (Iremonger and Bains, 2009). Consistent
with the presynaptic mechanism of action reported for KORs,
we found that KOR expression was enriched in spinal gluta-
matergic neurons. From both colocalization and subcellular
fractionation studies, it is evident that KORs are present in
spinal glutamatergic neurons with a relative abundance in the
presynaptic compartment. This localization of KORs in embry-
onic spinal neurons is consistent with the ability of KOR ligands
to modulate neurotransmitter release via a presynaptic mech-
anism of action (Rusin et al., 1997; Ford et al., 2007; Iremonger
and Bains, 2009).

A compelling body of evidence has implicated the inhibi-
tory effects of exogenously applied dynorphin on excitatory
neurotransmission (Castillo et al., 1996; Simmons and
Chavkin, 1996; Iremonger and Bains, 2009). Given the re-
quirement of glutamatergic neurotransmission for spontane-
ous calcium oscillations, and the evidence that KORs are
localized presynaptically in spinal glutamatergic neurons, a
k opioid receptor inhibition of excitatory synaptic transmis-
sion represents the most parsimonious explanation for KOR
regulation of spinal neuron calcium oscillations.

Significance. An increased production of the opioid pep-
tide dynorphin has been reported after spinal cord trauma,
and this has been implicated in neuropathic pain and patho-
physiology associated with spinal injury (for review, see
Hauser et al., 2005). Recovery from such injuries is thought
to recapitulate ontogeny and is facilitated by unmasking of
subthreshold inputs to the surrounding healthy tissue (for
review, see Murphy and Corbett, 2009). This has been pro-
posed to result from decreased inhibitory transmission, in-
creased glutamate transmission, and increased spontaneous
activity, thus promoting rewiring of lost synaptic connec-
tions. Accumulation of dynorphin in a spinal trauma site
could therefore produce an inhibition of spontaneous activity
and impede rewiring of synaptic connections.

Acknowledgments

We thank Bridget Leuschen for support in preparing spinal cord
neuronal cultures.

Authorship Contributions

Participated in research design: Kelamangalath, George, Aldrich,
and Murray.

Conducted experiments: Kelamangalath, Dravid and George.

Performed data analysis: Kelamangalath, Dravid and George.

Wrote or contributed to writing of the manuscript: Kelamangalath,
Aldrich, and Murray.

References

Aldrich JV and McLaughlin JP (2009) Peptide kappa opioid receptor ligands: poten-
tial for drug development. AAPS oJ 11:312-322.

Arttamangkul S, Murray TF, DeLander GE, and Aldrich JV (1995) Synthesis and
opioid activity of conformationally constrained dynorphin A analogues. 1. Confor-
mational constraint in the “message” sequence. J Med Chem 38:2410-2417.

Birch PJ, Hayes AG, Sheehan MJ, and Tyers MB (1987) Norbinaltorphimine: an-
tagonist profile at kappa opioid receptors. Eur J Pharmacol 144:405-408.

Blankenship AG and Feller MB (2010) Mechanisms underlying spontaneous pat-
terned activity in developing neural circuits. Nat Rev Neurosci 11:18—-29.

Brana C, Charron G, Aubert I, Carles D, Martin-Negrier ML, Trouette H, Fournier
MC, Vital C, and Bloch B (1995) Ontogeny of the striatal neurons expressing
neuropeptide genes in the human fetus and neonate. J Comp Neurol 360:488-505.

Broman J (1994) Neurotransmitters in subcortical somatosensory pathways. Anat
Embryol (Berl) 189:181-214.

Castillo PE, Salin PA, Weisskopf MG, and Nicoll RA (1996) Characterizing the site
and mode of action of dynorphin at hippocampal mossy fiber synapses in the
guinea pig. J Neurosci 16:5942-5950.

Charles AC, Mostovskaya N, Asas K, Evans CJ, Dankovich ML, and Hales TG (2003)
Coexpression of delta-opioid receptors with micro receptors in GH3 cells changes
the functional response to micro agonists from inhibitory to excitatory. Mol Phar-
macol 63:89-95.

Chavkin C and Goldstein A (1981) Specific receptor for the opioid peptide dynorphin:
structure-activity relationships. Proc Natl Acad Sci USA 78:6543—6547.

Chavkin C, James IF, and Goldstein A (1982) Dynorphin is a specific endogenous
ligand of the kappa opioid receptor. Science 215:413—-415.

Delaney AJ, Crane JW, and Sah P (2007) Noradrenaline modulates transmission at
a central synapse by a presynaptic mechanism. Neuron 56:880—892.

Dravid SM and Murray TF (2004) Spontaneous synchronized calcium oscillations in
neocortical neurons in the presence of physiological [Mg?*]: involvement of AMPA/
kainate and metabotropic glutamate receptors. Brain Res 1006:8—17.

Feller MB (1999) Spontaneous correlated activity in developing neural circuits.
Neuron 22:653—656.

Ford CP, Beckstead MJ, and Williams JT (2007) Kappa opioid inhibition of somato-
dendritic dopamine inhibitory postsynaptic currents. o/ Neurophysiol 97:883—891.

Hanson MG and Landmesser LT (2003) Characterization of the circuits that gener-
ate spontaneous episodes of activity in the early embryonic mouse spinal cord.
o Neurosci 23:587—600.

Hauser KF, Aldrich JV, Anderson KJ, Bakalkin G, Christie MJ, Hall ED, Knapp PE,
Scheff SW, Singh IN, Vissel B, et al. (2005) Pathobiology of dynorphins in trauma
and disease. Front Biosci 10:216-235.

Hauser KF, McLaughlin PJ, and Zagon IS (1987) Endogenous opioids regulate dendritic
growth and spine formation in developing rat brain. Brain Res 416:157-161.

Hefft S and Jonas P (2005) Asynchronous GABA release generates long-lasting
inhibition at a hippocampal interneuron-principal neuron synapse. Nat Neurosci
8:1319-1328.

Iremonger KJ and Bains JS (2009) Retrograde opioid signaling regulates glutama-
tergic transmission in the hypothalamus. J Neurosci 29:7349-7358.

Iremonger KJ and Bains JS (2007) Integration of asynchronously released quanta
prolongs the postsynaptic spike window. J Neurosci 27:6684—-6691.

Jessell TM, Yoshioka K, and Jahr CE (1986) Amino acid receptor-mediated trans-
mission at primary afferent synapses in rat spinal cord. J Exp Biol 124:239-258.

Macdonald RL and Werz MA (1986) Dynorphin A decreases voltage-dependent
calcium conductance of mouse dorsal root ganglion neurones. J Physiol 377:237—
249.

Mattson MP (2008) Glutamate and neurotrophic factors in neuronal plasticity and
disease. Ann NY Acad Sci 1144:97-112.

Murphy TH, Blatter LA, Wier WG, and Baraban JM (1992) Spontaneous synchro-
nous synaptic calcium transients in cultured cortical neurons. J Neurosci 12:
4834-4845.

Murphy TH and Corbett D (2009) Plasticity during stroke recovery: from synapse to
behaviour. Nat Rev Neurosci 10:861—-872.

North RA, Williams JT, Surprenant A, and Christie MJ (1987) Mu and delta
receptors belong to a family of receptors that are coupled to potassium channels.
Proc Natl Acad Sci USA 84:5487-5491.

O’Donovan MdJ (1999) The origin of spontaneous activity in developing networks of
the vertebrate nervous system. Curr Opin Neurobiol 9:94-104.

Patkar KA, Yan X, Murray TF, and Aldrich JV (2005) [Nalpha-benzylTyr1,cyclo(p-
Asp5,Dap8)]-dynorphin A-(1-11)NH2 cyclized in the “address” domain is a novel
kappa-opioid receptor antagonist. J Med Chem 48:4500—4503.

Piros ET, Charles RC, Song L, Evans CJ, and Hales TG (2000) Cloned delta-opioid
receptors in GHj cells inhibit spontaneous Ca®* oscillations and prolactin release
through Ky channel activation. J Neurophysiol 83:2691-2698.

Przewlocki R, Parsons KL, Sweeney DD, Trotter C, Netzeband JG, Siggins GR, and
Gruol DL (1999) Opioid enhancement of calcium oscillations and burst events
involving NMDA receptors and L-type calcium channels in cultured hippocampal
neurons. J Neurosci 19:9705-9715.

Rusin KI, Giovannucci DR, Stuenkel EL, and Moises HC (1997) k-opioid receptor

2T0Z ‘T Jeqwiadaq uo 1sanb Aq 6o sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

aspet’

activation modulates Ca?" currents and secretion in isolated neuroendocrine
nerve terminals. J Neurosci 17:6565—6574.

Sibilla S, Fabbro A, Grandolfo M, D’Andrea P, Nistri A, and Ballerini L (2009) The
patterns of spontaneous Ca?" signals generated by ventral spinal neurons in vitro
show time-dependent refinement. Eur J Neurosci 29:1543-1559.

Simmons ML and Chavkin C (1996) k-Opioid receptor activation of a dendrotoxin-
sensitive potassium channel mediates presynaptic inhibition of mossy fiber neu-
rotransmitter release. Mol Pharmacol 50:80—85.

Spitzer NC, Olson E, and Gu X (1995) Spontaneous calcium transients regulate
neuronal plasticity in developing neurons. J Neurobiol 26:316-324.

Todd AJ, Hughes DI, Polgar E, Nagy GG, Mackie M, Ottersen OP, and Maxwell DJ
(2003) The expression of vesicular glutamate transporters VGLUT1 and VGLUT2
in neurochemically defined axonal populations in the rat spinal cord with empha-
sis on the dorsal horn. Eur J Neurosci 17:13-27.

Toda S, Shen HW, Peters J, Cagle S, and Kalivas PW (2006) Cocaine increases actin
cycling: effects in the reinstatement model of drug seeking. JJ Neurosci 26:1579-1587.

KOR Regulation of Ca?* Oscillations 1071

Wagner JJ, Terman GW, and Chavkin C (1993) Endogenous dynorphins inhibit
excitatory neurotransmission and block LTP induction in the hippocampus. Na-
ture 363:451—-454.

Wimpey TL and Chavkin C (1991) Opioids activate both an inward rectifier and a
novel voltage-gated potassium conductance in the hippocampal formation. Neuron
6:281-289.

Xia'Y and Haddad GG (1991) Ontogeny and distribution of opioid receptors in the rat
brainstem. Brain Res 549:181-193.

Zhu Y, Hsu MS, and Pintar JE (1998) Developmental expression of the mu, kappa,
and delta opioid receptor mRNAs in mouse. J Neurosci 18:2538-2549.

Address correspondence to: Dr. Thomas F. Murray, Department of Phar-
macology, Creighton University School of Medicine, 2500 California Plaza,
Omaha, NE 68178. E-mail: tfmurray@creighton.edu

2T0Z ‘T Jeqwadaq uo 1sanb Aq Bio sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

